Developing a structurally complex phenotype requires a complex regulatory network. A new study shows how gene duplication provides a potential source of antagonistic interactions, an important component of gene regulatory networks.
The rich diversity of structurally complex plants that bring colour and life to the land's surface trace their origins to a unicellular common ancestor ( Figure 1 ). This path, from the simple to the complex, has been walked many times during the evolution of life. Paradoxically, while the genome provides the blueprints for life, neither genome size nor gene number adequately explains the difference between simple and complex organisms. Part of the difference lies in the size and structure of gene regulatory networks.
In this issue of Current Biology Holger Breuninger and colleagues show how gene duplication can give rise to antagonistically acting network components [1] . Like many families of transcription associate proteins [2] , Breuninger et al. found that the Lotus japonicas ROOTHAIRLESS LIKE (LRL) family of bHLH transcription factors expanded from a single ancestral member to five members in Arabidopsis thaliana. These five LRL genes form two groups of antagonistic regulators of root-hair development. With only a single member in early diverging lineages, the LRL family must lack this antagonistic interaction in these species. Therefore, sometime during the evolution of plants, LRL genes were duplicated and this duplication enabled two antagonistic groups to evolve. But how likely is this to represent a general mechanism?
Gene duplication is one of several possible sources of new genes. Others include horizontal gene transfer [3] and de novo gene birth from nongenic DNA [4] . Despite some debate over the relative contribution these mechanisms make to gene richness, there is little doubt that gene duplication, often through polyploidy/ whole genome duplication, has been an important source of new genes in plants (e.g. [5] ). Thus, it is clear that gene duplication can supply the raw materials (i.e., genes) for complex regulatory networks.
Among new genes, duplicated genes have a special significance. While in rare cases horizontally transferred genes can be readily integrated into existing networks [6] , typically, new genes have few initial connections (a universal feature of complex networks [7] ). By contrast, duplicated genes come preloaded with regulatory connections (Figure 2 ). This both imposes constraints and provides opportunities. That duplicated genes initially have identical network contexts explains why, subsequent to large-scale duplication events, some genes are purged rapidly while others are preferentially retained [8] . In particular, dosage-sensitive genes and their networks are likely to be retained, and can remain redundant for long periods of time [9] . In general, genes involved in regulatory networks are more likely to be retained than non-regulatory genes.
The classic hypothesis is that duplicated genes provide a source of gene richness through neofunctionalization and subfunctionalization [10] . Breuninger et al. show that duplicated LRL genes acquired both new functions and greater specificity of existing function. Despite the long period of independent evolution separating the alga Chara braunii from the liverwort Marchantia polymorpha, the Chara LRL gene can replace the Marchantia LRL gene. In both species, LRL is expressed somewhat broadly throughout the plant, and in Marchantia it is a general growth regulator. By contrast, the expression pattern of the five Arabidopsis thaliana LRL genes is specific, non-redundant, but overlapping and either promotes or suppresses root hair elongation. Significantly, one group of LRL genes appears to negatively regulate expression of the other group. Unlike the Chara gene, the genes from Arabidopsis cannot replace the Marchantia gene, and neither can the Marchantia gene replace the Arabidopsis genes. Thus, evolution of the duplicate LRL genes involved both neo-and sub-functionalization, but it cannot neatly be fitted to either process alone.
In fact, the classic binary of neoor sub-functionalization may lack sufficient nuance to describe the fate of most duplicated genes. If a duplicated gene pair is not strictly limited by high dosage sensitivity, one or both duplicates is free to diverge from the ancestral function, while together retaining that function. If the duplicated gene is part of a regulatory network, changes to any of the connections in that network could generate selectively advantageous novelty (e.g. Figure 2C-D) . Cellular crowding and non-specific binding mean that the potential for new interactions from shifts in binding preference are high [11] [12] [13] . The loss of some connections through, for example, spatial and temporal expression compartmentalization provides a clear mechanism for sub-functionalization. Repurposing of self-regulatory functions to form an interacting pair could provide a mechanism for generating feedback loops in regulatory networks. Thus, when highly connected regulatory genes are duplicated, an extensive array of network reconfigurations are conceivable.
The connection between duplication of regulatory genes and increases in organismal complexity is well established in the literature (e.g. [14, 15] ). It is clear that duplication of highly connected components of regulatory networks provides rich material for modified and novel function through network reconfiguration ( Figure 2) . As highlighted by Breuninger et al. [1] , negative feedbacks are essential components of adaptive regulatory networks [16] . But how exactly do such feedback loops arise? Gene duplication provides opportunities for generating all kinds of network topologies. A plausible hypothesis is that the characteristics of the network context of a gene prior to duplication will influence the outcomes of post duplication network reconfiguration. Thus, in order to understand how network components arise from gene duplication, it is necessary to understand the ancestral network context.
In their report, Breuninger and colleagues show two things -first, that gene duplication took place, and second, that the multimember gene family involves two groups of antagonistically acting proteins. However, the mechanism that transformed the function of the single ancestral gene into the antagonistic A recent study suggests that risk-taking decreases with age and that this may be related to dopaminemodulated changes in Pavlovian approach behavior, and not a reduction in the subjective value of incremental rewards as traditional models from economics and psychology would have claimed.
In economics and psychology, a choice between gambles, or between a gamble and a sure bet, is thought to be made on the basis of the difference in subjective values between the available options. The subjective value of a gamble is determined by the average of the subjective values (or utilities in economics) of the possible outcomes that the gamble may generate. Risk sensitivity emerges when a subjective value does not increase linearly with the outcomes.
Specifically, if an incremental subjective value (marginal utility) decreases with the size of the outcome, a lower subjective value will be assigned to a gamble than to an option that promises for sure the average payoff of the gamble ( Figure 1A) . In this framework, a change in risk-taking, for example over a life-cycle, would be attributed to a change in incremental subjective value of gains or losses. In this issue of Current Biology, Rutledge et al. [1] report findings suggesting that this picture of risk-taking is incomplete. Using a large, cross-sectional sample from the general population, the authors demonstrate that there is a decline in risk-taking with age which is related to decreased Pavlovian approach behaviour, and not to a decrease in the marginal subjective value of gains. Their findings have major implications for our understanding of risk-taking and the neurobiological mechanisms underlying it.
